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During DNA replication, repetitive synthesis of discrete
Okazaki fragments requires mechanisms that guarantee
DNA polymerase, clamp, and primase proteins are present
for every cycle. In Escherichia coli, this process proceeds
through transfer of the lagging-strand polymerase from
the b sliding clamp left at a completed Okazaki fragment to
a clamp assembled on a new RNA primer. These lagging-
strand clamps are thought to be bound by the replisome
from solution and loaded a new for every fragment. Here,
we discuss a surprising, alternative lagging-strand synth-
esis mechanism: efficient replication in the absence of any
clamps other than those assembled with the replisome.
Using single-molecule experiments, we show that replica-
tion complexes pre-assembled on DNA support synthesis
of multiple Okazaki fragments in the absence of excess b
clamps. The processivity of these replisomes, but not the
number of synthesized Okazaki fragments, is dependent
on the frequency of RNA-primer synthesis. These results
broaden our understanding of lagging-strand synthesis
and emphasize the stability of the replisome to continue
synthesis without new clamps.
The EMBO Journal (2011) 30, 1830–1840. doi:10.1038/
emboj.2011.84; Published online 25 March 2011
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Introduction
The replicative DNA polymerase III of Escherichia coli is
a heterotrimer of the polymerase subunit a, the exonuclease
e, and a stabilizing accessory protein y (McHenry and
Crow, 1979; Kelman and O’Donnell, 1995; Johnson and
O’Donnell, 2005). This complex, termed the ‘core’ poly-
merase, is a relatively distributive enzyme, capable of only
10–20 nucleotide (nt) additions atB10 nt s1 (Fay et al, 1981;
Maki et al, 1985). These numbers are dramatically less than is
required to replicate the 4.6 mega-basepair (Mb) genome in
its 40-min duplication time. To a large extent, polymerase
stimulation is conferred by core association with the homo-
dimeric processivity clamp b, which encircles double-
stranded DNA (dsDNA) and, through interaction with
a, tethers the polymerase to a primer-template junction
(Fay et al, 1981; Georgescu et al, 2008). In complex with b,
polymerase activity increases to a rate of 350–500 nt s1 and a
processivity of 1–2 kilo-basepairs (kb) (Tanner et al, 2008).
The loading of b onto dsDNA is achieved by a multiprotein
clamp-loader complex which contains three copies of either a
truncated (g) or a full-length (t) version of the dnaX gene
product, which hydrolyses ATP to open and load b and, with
the C-terminal domains of t, binds a and the helicase DnaB;
one copy each of d and d0, which provide structural support
for b opening and loading; and the accessory proteins w and
c, which interact with single-stranded DNA-binding protein
(SSB) and primase DnaG and contribute to regulating the
primer handoff cycle (Glover and McHenry, 1998; Jeruzalmi
et al, 2001; Johnson and O’Donnell, 2005; Bloom, 2006). The
clamp loader and its associated core polymerases form the
Pol III* complex, and addition of the b clamps to Pol III*
forms the holoenzyme (Pol III HE). Since the first analysis of
cell lysates, and as depicted in models, the clamp-loader
complex has been thought to include one copy of g and
two of t, one each for leading- and lagging-strand poly-
merases (McHenry and Kornberg, 1977; Onrust et al, 1995).
However, recent identification of a t3-(aey)3 replisome and
in vivo stoichiometry measurements have suggested that the
replisome contains three polymerases (McInerney et al, 2007;
Reyes-Lamothe et al, 2010). The presence of the additional
core has been proposed to have a role in rescuing stalled
replisomes or facilitating the lagging-strand cycle for efficient
fork progression.
During synthesis of the lagging strand, the active poly-
merase must cycle from one Okazaki fragment to the next.
The polymerase may complete the Okazaki fragment and
release upon reaching the 50 end of the previous fragment
(‘collision’ release, Stukenberg et al, 1994; Georgescu et al,
2009), or release before completion of the Okazaki fragment
due to a biochemical signal, for example, primer synthesis
or other lagging-strand event (‘signalling’ release, Li and
Marians, 2000; McInerney and O’Donnell, 2004). In either
case, the lagging-strand polymerase should disengage from
one b clamp and reassociate with another loaded on the new
RNA primer. Indeed, biochemical studies demonstrate that
a Pol III core quickly releases from b after completing a
fragment, and that this core will recycle to a new primed,
b-loaded substrate (O’Donnell, 1987; Stukenberg et al, 1994;
Georgescu et al, 2009). Traditionally, the b clamp to be
loaded on the nascent primer is thought to associate with
the replisome from solution. The clamp on the finished
fragment is left behind after core dissociation, for binding
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other enzymes, such as those involved in Okazaki fragment
maturation (Yuzhakov et al, 1996; Lo´pez de Saro and
O’Donnell, 2001).
Considering the 410-fold difference between the number
of b dimers in the cell (B300; Burgers et al, 1981) and the
number of Okazaki fragments made during chromosome
duplication (B4000), it is clear that clamps must be reused
to allow rapid duplication of the genome. Given that b loaded
on circular dsDNA is stable for 460 min without dissociating,
the clamps must be actively unloaded (Yao et al, 1996).
Studies have demonstrated that the forms of the clamp-loader
complex and free d are effective clamp unloaders, and this
unloading can allow clamps to be reused after subsequent
diffusion to the replisome (Naktinis et al, 1996; Yao et al,
1996; Leu et al, 2000). Thus, our current model of the
lagging-strand cycle includes a lagging-strand polymerase
releasing from a b clamp and associating with a ‘new’
clamp that has been loaded from solution. However, this
mechanism is not completely elucidated; many of the details
of clamp unloading and reuse have either not been addressed
in the context of coordinated replication by intact replisomes
or have been studied using ensemble techniques that can
overlook rare or transient events. Here, we use single-mole-
cule fluorescence and electron microscopy to examine repli-
cation by complexes unable to complete the traditional
lagging-strand clamp-loading cycle.
Our understanding of DNA replication mechanisms is
largely based on years of pioneering biochemical experiments
that have elucidated the functions and interactions of the
various replisome components. Though extremely powerful,
traditional ensemble methods inherently obscure rare events,
intermediate steps, and even alternate pathways. In recent
years, single-molecule methods have been developed to allow
the observation of these types of events and have emerged as
a powerful complement to traditional bulk-phase techniques,
enabling the characterization of primase-induced leading-
strand synthesis stalling (Lee et al, 2006; Tanner et al,
2008), dynamic control of lagging-strand trombone loops
(Hamdan et al, 2009), priming loops (Manosas et al, 2009;
Pandey et al, 2009) and many other facets of replisome
function (reviewed in Hamdan and van Oijen (2010) and
van Oijen and Loparo (2010)). We recently demonstrated a
technique for visualizing coordinated leading- and lagging-
strand synthesis with single-molecule fluorescence micro-
scopy (Tanner et al, 2009). By tethering rolling-circle DNA
substrates (Mok and Marians, 1987) to the surface of a
microscope-mounted flow chamber, we can observe the
growing dsDNA product (lagging strand) of a synthesis
reaction with a fluorescent DNA stain. This technique has
allowed measurement of the rate and processivity of coordi-
nated synthesis by single replisomes (Tanner et al, 2009; Yao
et al, 2009). The real-time visualization of individual replica-
tion products allows full characterization of the dynamics of
the replication reaction, including the observation of hetero-
geneity in rates. Furthermore, product lengths of up to
hundreds of kb can be measured, far beyond the resolving
power of traditional gel electrophoresis measurements.
Here, we adapt the single-molecule rolling-circle assay to
facilitate pre-assembly of stable, stalled replisome complexes
followed by initiation of synthesis in the absence of free b
clamps. Surprisingly, we observed processive synthesis with-
out b in solution, a result that requires either the lagging-
strand polymerase to function without a b clamp or, more
consistent with our data, recycling of the b clamp from the
end of an Okazaki fragment to a nascent RNA primer.
Products synthesized without free clamps were reduced in
length and rate as compared with those synthesized under
normal conditions, but still contained multiple Okazaki frag-
ments. The absence of free b rendered the processivity of the
replisome sensitive to DnaG primase concentration; reducing
the concentration of DnaG increased the average product
length. We demonstrate that in the absence of free b, the
product length increased by the same factor as the spacing of
RNA primers, which were still produced and extended in the
absence of free b. Together, and in contrast with established
dogma, these data demonstrate that the production of multi-
ple Okazaki fragments on the lagging strand can be supported
even without the replisome recruiting and loading additional
clamps from solution.
Results
Pre-assembled replisomes produce long replication
products
We have previously shown observation of rolling-circle
replication products with single-molecule fluorescence micro-
scopy (Tanner et al, 2009). These products are the result
of leading-strand synthesis producing a single-stranded ‘tail’,
which is converted to dsDNA by coupling of leading- with
lagging-strand synthesis (Figure 1). As the dye (SYTOX
Orange) stains only dsDNA, we exclusively observe the
products of coupled synthesis. These experiments were per-
formed in the continuous presence of all replisome compo-
nents, and we observed a product length of 85.3±6.1 kb
(fit decay constant±s.e.m.). Yao et al (2009) showed that
replisomes could be pre-assembled and we adapt their
method here. Replisomes were assembled at a primer termi-
nus in a solution containing first DNA, DnaB, and ATP,
followed by addition of Pol III HE components and two of
the four dNTPs. This solution was diluted and flowed into the
chamber, followed by washing with buffer containing the two
dNTPs but no replication proteins. Coupled leading- and
lagging-strand replication could be observed on introduction
of a replication solution containing only DnaG, b, SSB, and all
rNTPs and dNTPs. In the pre-assembly reaction, we mea-
sured a processivity of 72.5±3.5 kb (Figures 1 and 2). This
observation confirms that both Pol III* and DnaB are effi-
ciently retained at the replication fork (Onrust et al, 1995;
Yuzhakov et al, 1996; Johnson and O’Donnell, 2005; Yao
et al, 2009). To ensure that the pre-assembly reaction indeed
resulted in processive, coordinated leading- and lagging-
strand replication by single replisomes, we carried out
various control experiments. In particular, omission of only
DnaG primase or using exclusively dNTPs in the second-stage
replication solution (i.e., with no DnaG, b, or SSB; only pre-
assembled Pol III HE componentsþDnaB) resulted in no
detectable products. A reaction with a t1g2dd0wc (instead
of t2/3g1/0dd0wc) clamp loader, capable of assembling only
one core polymerase in the replisome, yielded no dsDNA
products, indicating that a coupled lagging-strand polymerase
is required to observe long products. Furthermore, when
including SYTOX during the entire reaction including the
pre-assembly step, we did not observe product formation
until introduction of the replication solution containing all
DNA replication without free sliding clamps
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NTPs, DnaG, and SSB; during the pre-assembly and wash
steps no synthesis was observed. By adding SYTOX only to
the replication solution (no stain in pre-assembly or wash
mixtures) we can visualize the entrance time of all NTPs,
DnaG, etc. into the flow channel, and indeed, product growth
occurred directly upon introduction of the SYTOX-containing
solution in both b-containing and b-free conditions. These
observations clearly establish that the pre-assembled replica-
tion complexes were responsible for the observed DNA
synthesis.
Absence of free b does not preclude synthesis
To test whether the b clamps assembled with the replisome
were sufficient for coordinated synthesis, we carried out the
pre-assembly experiment without any b in the replication
reaction, with only the small amount from the Pol III HE
component–DnaB pre-assembly mixture. By extensive wash-
ing of the flow cell after introduction of the assembled
complexes (B30 chamber volumes), we removed any free
proteins, leaving only the b that had been loaded onto the
leading-strand primer-template and any b associated with the
clamp loader or polymerase core. Surprisingly, we observed
replication products in the absence of free b which were
reduced in length (16.6±1.7 kb versus 72.5±3.5 kb; Figures
1C and 2A), but still much longer than a single Okazaki
fragment (1–2 kb; Wu et al, 1992). Though resulting in
processive replication, the efficiency of the reaction was
notably decreased in the absence of free b clamps. In the
full reaction, we observed 20–50 long products per 100 DNA
molecules. With no free b in the reaction, this efficiency
decreased nearly an order of magnitude, to 5–10 products
per 100 DNA molecules. The decreased processivity and
efficiency of replication may explain why this reaction
had not been observed previously, specifically in similar
single-molecule experiments limited to observing longer DNA
products (Yao et al, 2009; Georgescu et al, 2010) and ensem-
ble experiments less sensitive to short, inefficient replication
(Yuzhakov et al, 1996).
b is efficiently removed from the flow chamber
To demonstrate that no unbound b remained to contribute to
synthesis, we extended the washing volume to 250 chamber
volumes (using an increased rate of flow, with a wash time of
5–10 min). Not surprisingly, this caused a reduction in the
number of products observed (o1 product per 100 DNA
molecules with extended wash versus 5–10 with normal
wash) as the pre-assembled complexes are not indefinitely
stable and dissociate over time. However, the length of the
products was unaffected: 73.5±6.6 kb with b and 24.5±
3.3 kb without b. This observation suggests that each repli-
cated molecule is produced using only the b initially loaded
with the replisome, without requiring b loading from solution
as the fork progresses.
To further confirm that free b molecules were indeed
absent from the solution during replication, we repeated
the pre-assembly experiment using fluorescently labelled b
(Cy5-b, see Supplementary data). By imaging the first pre-
assembly mixture flowed into the chamber, which contained
Cy5-b of a known concentration (6 nM after dilution into the
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Figure 1 Visualizing replication products of pre-assembled replisomes. (A) Schematic of pre-assembly reaction. DnaB, Pol III HE components,
ATP and two dNTPs are incubated with a pre-filled 50-biotinylated rolling-circle substrate, which is coupled to a streptavidin-coated coverslip.
After removal of free proteins, replication is initiated by addition of all r/dNTPs, SSB, DnaG, and±b. (B, C) SYTOX staining of dsDNA in situ
shows replicated products, with unextended substrates visible as small spots. Regions from fields of view after the full reaction performed with
(B) and without (C) free b. Scale bars represent the length of a 10-kb dsDNA product. (D, E) Example molecules from real-time experiments are
shown. Kymographs of individual replicating DNA molecules are shown from experiments with (D) and without (E) b in solution. The
replication rate can be determined by fitting the end position of the growing molecule with linear regression as described in Tanner et al (2009).
Shown molecules’ average rates are 661 bp s1 (D) and 210 bp s1 (E); note the different length scales on the ordinates.
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cence intensity of the solution. The chamber was then
washed with buffer, and we imaged again during introduction
of the replication solution, which contains no additional b.
These images are shown in Supplementary Figure S1, and
help establish a minimum concentration reduction due to
washing: the measured difference in integrated intensity is
100-fold (59 000 counts during the pre-assembly versus 500
counts during the replication reaction). This reduction results
in an upper limit of residual b concentration of B60 pM in
our flow cell during the replication reaction. A single-
molecule replication experiment with even 200 pM b in the
replication solution yielded no products, likely due to the
inability to assemble a full Pol III HE. In pre-assembly
reactions, the replisome is most efficiently assembled at
higher b concentrations. Even assuming that the association
time of b with the replisome is diffusion limited, it is
clear why such a low concentration would not support
replication. Typical experimental conditions use 30–100 nM
b, which, using 1107 M1 s1 as a diffusion-limited
bimolecular association rate constant (Creighton, 1993),
gives an association time of 1–2 s, on the order of the time
required for replisome function. At 60 pM, this association
time becomes 1500 s, three orders of magnitude slower than
needed for replication. Additionally, the actual concentration
of b in solution must be much lower, since much of the
measured Cy5-b signal can be attributed to b loaded on
substrate DNA molecules, as evident in Supplementary
Figure S1C. Loaded b is stable on circular DNA for over
60 min, much greater than the timescale of the replication
reaction (Yao et al, 1996). Thus, the free concentration of b in
solution is extremely low, with predicted association times
of 104–105 s.
b is loaded only with replisomes
Our reaction was carried out with a mixture of Pol III HE
components, which assemble onto DnaB-loaded, primed,
and filled M13 DNA substrates (Figure 1A). As b is readily
loaded onto primer-template constructs, our results could be
explained by multiple b being clamps loaded onto a single
DNA substrate during incubation and used over the course of
the replication reaction (Bloom et al, 1996; Yao et al, 1996).
To address this possibility, we repeated the pre-assembly
reaction using Cy5-b. We imaged M13 substrate spots directly
after the washing step (using SYTOX and 532 nm laser) and
assembled replisomes in the same field (using Cy5-b and
640 nm laser). After replication, we identified the M13 mole-
cules that had been replicated, went back in our fluorescence
movies to a time point before replication but after assembly,
and measured the fluorescence intensity of each correspond-
ing red replisome spot (corresponding to the number of Cy5-b
molecules). By comparing the intensity trajectory of a repli-
some spot with the intensity trajectories of single labelled b
(measured by flowing 5 pM Cy5-b under identical excitation
and imaging conditions) we could measure the approximate
number of b in the replisome spot. Resulting distributions
of intensity decrease and example trajectories are shown
in Supplementary Figure S2, and replisome bleaching spots
show a 2.5-fold intensity decrease compared with a single
labelled b. This is consistent with 2–3 labelled b being
assembled with the replisome, not with a DNA coated with
additional loaded b. Further demonstrating this stoichiome-
try, we observed stepwise photobleaching trajectories as
shown in Supplementary Figure S2D, a result only possible
with a small number of fluorescent dyes. The alternate
condition, an M13 substrate completely loaded with protein,
was demonstrated with a biotin-primed but unfilled M13 and
Cy5-SSB, which will coat the 7.2-kb ssDNA. Imaging the SSB
spots under the same conditions resulted in exponential
bleaching curves (Supplementary Figure S2E), consistent
with many fluorophores in a single spot. Compared with
Cy5-SSB alone, which also displayed single photobleaching
steps, an SSB-coated ssM13 has 430 Cy5 molecules (satura-
tion reached at B65 Cy5) and resulted in dramatically
larger intensity decreases than the b distributions. These
data show that our replisome-loaded DNA substrates were
not filled with additional b molecules. Our observed low level
of b loading could result from not satisfying conditions
previously determined for loading of multiple bs, namely
the presence of SSB on DNA and both a 50 and 30 primer end
(Bloom et al, 1996). Also, the first step in our reaction
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Figure 2 Product distributions from pre-assembled replisomes.
(A) Product lengths from reactions with the t3-clamp loader. Inset
shows values from single-exponential decay constant±s.e. N indi-
cates the number of molecules observed. Full reaction (þb2,
300 nM DnaG): 72.5±3.5 kb, N¼ 356; (b2, 300 nM DnaG):
16.6±1.7 kb, N¼ 366; (b2, 30 nM DnaG): 43.5±3.1 kb, N¼ 203.
(B) Products from reactions with the t2g1-clamp loader. Full reac-
tion (þb2, 300 nM DnaG): 40.2±2.7 kb, N¼ 210; (b2, 300 nM
DnaG): 12.7±1.1 kb, N¼ 249; (b2, 30 nM DnaG): 33.8±3.4 kb,
N¼ 85.
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was loading of DnaB at the fork to facilitate replisome-
specific complex assembly, a step that may have prevented
extraneous clamp loading.
Rate of replication decreases in the absence of excess
b clamps
As described above, both the efficiency and processivity
of replication decreased significantly without free b in the
replication mixture. With our experimental design, we can
also measure rates of replication by single replisomes. By
including SYTOX and imaging the replication reaction in real
time, we measured the rate of coordinated replication by
generating a trajectory of the end point of a growing molecule
(Tanner et al, 2009). Using the pre-assembly reaction
followed by replication in the presence of b, we measured a
rate of 460±41 bp s1, similar to the rate of a reaction with all
components present (both at 371C). However, in the absence
of free b, the replication rate of a pre-assembled replisome
dropped to 228±27 bp s1 (examples are shown in Figure 1D
and E). A drop in rate would be expected if a lagging-strand
core polymerase was extending the RNA primer, though this
decrease would be expected to be much greater than the two-
fold change we observe (Fay et al, 1981). A possible explana-
tion for the two-fold rate decrease would be introduction of
a slow intermediate step into the replication mechanism: the
need to recycle a b clamp directly from the 30 end of an
Okazaki fragment to a nascent primer for the subsequent
fragment synthesis. This would effectively introduce a
pause in the replication trajectory at the beginning of each
new Okazaki fragment, or every 1–2 kb (with 300 nM DnaG).
However, the growing DNA end experiences zero stretching
force under flow, leading to fluctuations in position that
are much beyond the resolution necessary to confidently
observe pauses during clamp recycling. Indeed, pauses
of duration similar to Okazaki fragment synthesis (2–4 s)
would result in an overall halving of the net rate of DNA
synthesis.
Free clamp-absent product length is sensitive to
primase concentration
The results described above unexpectedly suggest that the
replisome can carry out lagging-strand synthesis without
binding and loading a new b clamp. One potential mecha-
nism for overcoming this problem would be the ability to
directly reuse a clamp from the end of a completed Okazaki
fragment to a new RNA primer. Such a mechanism is
expected to have a certain probability of success per
Okazaki fragment synthesized. If this idea is correct, the
total processivity of the replisome with pre-assembled b
should be determined not by the total amount of DNA
synthesized, but by the total number of Okazaki fragments
produced.
To test this hypothesis, we reduced the concentration
of DnaG primase in the reaction from 300 to 30 nM. This
reduction has been shown to affect the frequency of DnaG-
induced leading-strand synthesis halting (Tanner et al, 2008)
and increase the length of Okazaki fragments due to similar
reduction in priming frequency (Tougu and Marians, 1996).
Here, using a clamp loader with three t domains (t3dd0wc),
we observed that products at low DnaG concentration
have a length of 43.5±3.1 kb, which represents a 2.6-fold
increase in length compared with the products obtained with
a high DnaG concentration (Figure 2A). Reducing the DnaG
concentration had no effect on the replication rate, measured
to be 239±26 bp s1 with 30 nM DnaG, which is essentially
identical to 228±27 bp s1 observed with 300 nM DnaG.
If the lagging-strand polymerase was synthesizing Okazaki
fragments without being bound to a b clamp, it would
likely not display sensitivity to primase concentration, as its
increased likelihood of dissociation from the primer end
affects processivity throughout the synthesis event rather
than only upon RNA-primer handoff. This discrepancy sug-
gests the clamp recycling mechanism is the more likely
explanation for this observation.
We next sought to test if the replication was facilitated by
the presence of the third polymerase in the t3 replisome.
Using a clamp loader with two t proteins (t2g1dd0wc), with
replication observed in the absence of free b, gave products
of 12.7±1.1 kb with 300 nM DnaG and 33.8±3.4 kb with
30 nM DnaG (Figure 2B). The measured length increase is a
factor of 2.6, identical to the t3 results. However, these
lengths are only B75% of their t3 counterparts, a result
that agrees with an overall reduction in synthesis in t2- versus
t3-mediated replication (McInerney et al, 2007). Indeed,
when done with b in solution, the t2 reaction gave a proces-
sivity of 40.2±2.7 kb, reduced from 72.5±3.5 kb in the t3
reaction. Notably, we observed no products in a reaction with
a t1g2dd0wc clamp loader, verifying that the observed pro-
ducts in other conditions are dependent upon the presence of
at least one lagging-strand polymerase and b clamp asso-
ciated with the pre-assembled replisome. Omitting DnaG
from the reaction also produced no products, indicating
that priming on the lagging strand is required to produce
visible dsDNA products.
Primase-dependent product length correlates with
RNA-primer spacing
The observation that DnaG concentration affects product
length in the absence of free b is consistent with the hypo-
thesis that clamps can be recycled according to a fixed
recycling probability per Okazaki fragment. Changing the
distance between successive RNA primers (clamp loading
sites) does not affect the number of cycles but results in an
increased overall product length. To further test this inter-
pretation, we analysed the spacing of RNA primers along the
length of our DNA products. Reactions were carried out as
described above, but in the presence of 150mM digoxigenin-
UTP (digUTP) instead of unmodified UTP. Primers synthe-
sized with a U base will thus have a digoxigenin moiety,
which can be detected by addition of anti-digoxigenin-
functionalized quantum dots (QDs, Figure 3A). Using
digUTP in place of UTP does have a slight inhibitory effect
on product length: in experiments with free b in solution, the
lengths decrease to 55.7±3.6 kb with 300 nM DnaG and
59.6±3.1 kb with 30 nM DnaG. Again, the product length in
the presence of excess b was unaffected by a 10-fold reduction
in DnaG concentration. The anti-digQDs were added to the
flow cell after thorough washing to remove excess digUTP,
incubated in the chamber, and washed out with buffer. QDs
and SYTOX-stained DNA are imaged with either a 488 or
532 nm laser to preferentially excite the QDs or SYTOX,
respectively. Both can be excited at these wavelengths, but
the extinction coefficient of the QD at 488 nm (1110 000) is
dramatically higher than that of SYTOX (10 000) (Loparo et al,
DNA replication without free sliding clamps
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2011). Switching between the wavelengths allows us to
assign signals and eliminate background spots from either
stuck QD (a significant amount due to the concentration of
digUTP) or uneven SYTOX staining by comparing the relative
brightness of a candidate spot at the two wavelengths
(Figure 3B). No QDs were observed to bind product DNA
when replication reaction did not contain digUTP. QDs
on DNA also exhibit Brownian motion from the long DNA
fluctuating in flow, and we therefore analysed only QD
signals that move with the DNA; surface-immobilized QDs
do not move and were not used for analysis (Supplementary
Figure S4).
At a high DnaG concentration (300 nM), we observed a QD
spacing of 19.8±2.2 kb. This value is obviously much higher
than the known Okazaki fragment primer spacing of 1–2 kb
(Wu et al, 1992; Tougu and Marians, 1996), and the inter-QD
distance is larger than the average product length. Thus, our
observed QD-DNA molecules represent only the longer
dsDNA products. However, we did not expect to tag every
RNA primer in the DNA due to inefficient digUTP incorpora-
tion by DnaG (incorporation shown in Supplementary Figure
S5) and incomplete labelling of DNA-incorporated digUTP
with QD (Loparo et al, 2011). Nevertheless, we were able to
observe long DNA molecules with five or more QD-labelled
primers, as shown in Figure 3. In the same experiment, but
with a lower DnaG concentration (30 nM), we observed a
marked increase in QD spacing, from 19.8±2.2 kb at 300 nM
DnaG to 47.3±6.1 kb at 30 nM (Figure 3B–D). Notably, these
numbers correspond to a distance increase by a factor of 2.4,
nearly identical to the factor of 2.6 observed in product length
increase with the same change in DnaG concentration in the
absence of free b. This relative increase in distance, rather
than the absolute distances, is our measurement of change
between the conditions. In the digUTP reaction without
free b (300 nM DnaG), we again observed short products
(15.3±1.4 kb) with an identical QD spacing distribution
(20.5±3.4 kb). We observed, in the longer products, multiple
QD-labelled primers in single DNA molecules, verifying that
in the absence of free b, multiple priming cycles take place on
the lagging strand.
Okazaki fragment spacing observed with electron
microscopy
Even though the above data demonstrate multiple productive
lagging-strand priming events by single replisomes, the
QD-labelled RNA primers represent only a small fraction of
the actual RNA primers along the DNA. To further substanti-
ate our observations, we analysed rolling-circle DNA
products using electron microscopy. Replication reactions
were carried out using protein concentrations as described
above and products were cross-linked with glutaraldehyde,
purified by size-exclusion column chromatography, and
then mounted on EM grids (see Materials and Methods).
We observed long product tails extending from the DNA
substrate (Figure 4). As noted with arrows, we observed
changes in density periodically along the tail, regions that
resemble SSB-coated ssDNA.
In typical depictions of DNA replication, Okazaki frag-
ments are filled in completely to the 50 end of the previous
fragment. As described above, however, two competing mod-
els control release and recycling of the lagging-strand poly-
merase: in the signalling model, synthesis of a nascent RNA
primer signals release of the lagging-strand polymerase; in
the collision model, the lagging-strand polymerase collides
with the 50 end of the previous fragment and releases to a new
primer. Data exist to support both models (O’Donnell, 1987;
Stukenberg et al, 1994; Yuzhakov et al, 1996; Li and Marians,
2000; McInerney and O’Donnell, 2004; Georgescu et al,
2009), and single-molecule analysis of replication loops in
the phage T7 system suggests an equal prevalence of these
mechanisms (Hamdan et al, 2009). In our EM images, colli-
sion model Okazaki fragments cannot be seen without enzy-
matic treatment of the products (Chastain et al, 2000), but
any signalling fragments will have a ssDNA gap between the
30 end of an Okazaki fragment and the 50 end of the previous
fragment. In this experiment, we ‘stain’ the product DNA
with additional SSB, giving rise to regions of high density
along the DNA. With an approximately equal contribution by
collision- and signalling-mediated fragments, we expect to
see only half of the Okazaki fragment junctions as revealed





































Figure 3 Visualization of RNA-primer spacing by QD labelling. (A) Experimental design. The pre-assembly reaction is performed with
digoxigenin-UTP, which can be detected after incorporation using a-digQD. (B) Example of DNA replication product after SYTOX staining
(300 nM DnaG), imaged with 532 nm (above) or 488 nm (below) laser excitation. DNA-tethered QDs are boxed and spacing between QDs is
given in kb. Other non-boxed bright spots are not on the DNA molecule or are bleed-through from SYTOX staining. (C) Example of a DNA
replication product obtained with reduced DnaG concentration (30 nM), imaged as in (B). (D) Distribution of QD spacings from 300 and 30 nM
DnaG experiments. Distance values are reported as single-exponential fit±s.e.: 19.8±2.2 kb (300 nM DnaG, N¼ 54); 47.3±6.1 kb (30 nM,
N¼ 44). Fits were performed with the first bin omitted due to undersampling of short spacings.
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Indeed, our observed spacing at 300 nM DnaG is 2.5±0.4 kb,
approximately twice the average Okazaki fragment length at
that primase concentration (B1–2 kb; Tougu and Marians,
1996). Decreasing the DnaG concentration to 30 nM as in
previously described experiments resulted in a gap spacing of
4.3±0.6 kb, an increase of 1.7-fold (Figure 4D). This increase
is consistent with the increased QD distances described
above. Also confirming that observed replication products
were indeed a result of coordinated leading- and lagging-
strand synthesis from single replisomes, we were able to
observe trombone loops on some of the cross-linked EM
samples (Figure 4B; Chastain et al, 2003). Reactions carried
out in the absence of b were done in our fluorescence
microscope flow cells using fluorescent SSB, allowing visua-
lization of ssDNA spacing without b. We observed similar
patterns of multiple SSB spots along the DNA product, further
indicating that without free b we indeed produce multiple
rounds of Okazaki fragment synthesis (Supplementary
Figure S6). We used electron microscopy for spacing data
shown above to achieve higher resolution and to enable
observation of replication loops. In summary, we demon-
strate that our observed effect of DnaG concentration on
product length in the absence of free b corresponds directly
with changes in RNA-primer spacing, supporting the hypoth-
esis that replisome-associated b clamps can be recycled on
the lagging strand.
Figure 4 Electron microscopy of replication products. (A) Example of DNA replication product (300 nM DnaG) is shown. Arrows indicate
ssDNA gaps along the lagging-strand tail. (B) Example of DNA replication product at reduced DnaG concentration (30 nM) is shown. Inset
shows a blow-up of the replication loop visible at the fork. (A, B) are mounted with cytochrome c drop spreading. (C) Direct mounted sample
with ssDNA clearly seen through SSB staining. (D) Gap-spacing distribution. Numbers represent single-exponential fit±s.e.m. (300 nM DnaG:
N¼ 50; 30 nM DnaG: N¼ 46).
DNA replication without free sliding clamps
NA Tanner et al
The EMBO Journal VOL 30 | NO 9 | 2011 &2011 European Molecular Biology Organization1836
Discussion
In E. coli, lagging-strand synthesis is a dynamic process,
requiring synthesis of an RNA primer, loading of a b clamp
on the primer, association of a lagging-strand polymerase
with the loaded b, and extension of the RNA primer to form
an Okazaki fragment. This cycle repeats B2000 times per
replication fork, and is mediated by multiple protein–protein
interactions among wc, DnaG, DnaB, SSB, t, b, and aey.
Biochemical data support the generally accepted model in
which a new b clamp is loaded on each primer and the
lagging-strand polymerase releases from its current b to
associate with the new one for extension of the primer
(O’Donnell, 1987; Stukenberg et al, 1994; Yuzhakov et al,
1996; Li and Marians, 2000; Georgescu et al, 2009). However,
considering the low concentration of b in the cell (B300 b
dimers; Burgers et al, 1981) and the need for loading 1–2
b s1 for 40 min, some mechanism must exist for recycling b
clamps: each clamp must be used roughly 10 times to
completely duplicate the genome. Free d subunit and
clamp-loading complexes can also unload b from DNA into
solution, presumably to then be reused by the replisome
(Naktinis et al, 1996; Yao et al, 1996; Leu et al, 2000). Data
measuring the accumulation of b along lagging-strand pro-
ducts from pre-assembled replisomes measured only 33%
of the expected amount of one b2 per Okazaki fragment,
suggesting that the replisome indeed unloads b as it proceeds
during synthesis (Yuzhakov et al, 1996). Clamp unloading by
the g3 clamp-loader complex alone is not significantly faster
than an intact Pol III* (Leu et al, 2000), thus a full replisome
can unload clamps efficiently. Similarly, the replisome may
not always have a b ready to be loaded for each primer. The
data presented here suggest that the replisome can continue
synthesis of the lagging strand even in cases when a new
clamp cannot be loaded from solution.
We observed processive, coupled leading- and lagging-
strand synthesis by pre-assembled replisomes in the absence
of any b in solution. Any b clamps used in the reaction were
from b loaded with the replisome in our pre-assembly reac-
tion, which assembles single replisome complexes on rolling-
circle substrates and facilitates removal of all free proteins
before initiation of synthesis (Yao et al, 2009). Interestingly,
we observed that the product length in the absence of free b
can be modulated by changing the concentration of DnaG
primase. Reactions with b in the replication mixture do not
display differential product lengths at equivalent DnaG con-
centrations, suggesting that products made without free b
resulted from lower-probability replisome-mediated recycling
of the b clamp to a new primer. This primase concentration-
modulated length change scaled identically to changes in
RNA-primer spacing and Okazaki fragment spacing distribu-
tions, as shown with single-molecule fluorescence and EM
data. Together, these data support a mechanism by which
a b clamp can be recycled forB10 lagging-strand cycles, from
a completed or signal-terminated Okazaki fragment to a
nascent RNA primer.
This clamp recycling implies that at least two b clamps
were pre-assembled with the replisome: one loaded on the
leading-strand primer-template and another bound to the
clamp-loader complex or perhaps to a lagging-strand poly-
merase. Our measurements of 2–3 b assembled with the
replisome support this requirement, and the clamp loader
in the replisome must by definition be capable of binding
additional clamps during synthesis. It is reasonable to con-
clude that the pre-assembled complex may contain 41 b
clamp, one loaded onto a primer-template junction and
another awaiting a 30 end for loading (Park and O’Donnell,
2009). The need for dynamic clamp association is inherent to
replisome progression, and stoichiometry measurements
from living cells detect 2–3 clamps in the replisome as
expected (Reyes-Lamothe et al, 2010). In our experiments,
no dsDNA synthesis was observed without DnaG or with a
leading strand only replisome (t1g2dd0wc:(aey)1), and we
observed numerous RNA primers and ssDNA gaps along
the product DNA, indicating that the replication we observe
is the result of true lagging-strand Okazaki fragment synth-
esis. Our data showed more efficient synthesis using a three-
polymerase replisome, in agreement with previous reports
(McInerney et al, 2007), likely due to stimulation of overall
replication ability in the presence of an additional polymer-
ase. The t3:(aey)3 replisome may simply be more stable as an
assembled complex, giving rise to more and longer products
in our experiments, as well as the greater synthesis observed
previously (McInerney et al, 2007). The extra t domain may
help protect the lagging-strand b from dissociation similar to
its protection on the leading strand (Kim et al, 1996). In our
experiments, we assemble replisomes with a mixture of
Pol III HE components and wash out free protein, and as
described above the remaining trace amounts are extremely
low. Thus, we cannot completely exclude the possibility of
unloading effects from free clamp-loader complexes, though
due to concentration and association times this is extremely
unlikely.
An alternate explanation for our data is synthesis of
Okazaki fragments by a lagging-strand core polymerase with-
out a b clamp. This mechanism is unlikely, as the rate of
synthesis and processivity of Pol III alone are much too low
for synthesis of a 1–2 kb Okazaki fragment in 2–4 s, even in
the presence of t and SSB-coated ssDNA (Fay et al, 1981). Our
observed two-fold decrease in rate and multiple Okazaki
fragments in reactions without free b are inconsistent with
expectations of lagging-strand synthesis by core polymerases
alone, though the efficiency of b-free lagging-strand poly-
merase tethered to a progressing replisome that includes a
leading-strand b is unknown (and would be exceedingly
difficult to determine). On the other hand, there is strong
evidence that b is required for efficient lagging-strand synth-
esis. Experiments using pre-assembled replication complexes
report a requirement for additional b to enable lagging-strand
synthesis both in bulk experiments with isolated complexes
(Yuzhakov et al, 1996) and in single-molecule assays using a
set-up similar to ours (Yao et al, 2009). These methods were
capable of detecting only either efficient DNA synthesis
(Yuzhakov et al, 1996) or synthesis of long (430 kb) pro-
ducts (Yao et al, 2009). In contrast, we are able to detect short
and rare lagging-strand replication events that appear to rely
on the presence of a second b molecule bound in the
replisome. Furthermore, the dependence of product length
on DnaG concentration when clamps are absent is inconsis-
tent with the lagging-strand polymerase catalysing synthesis
without a b clamp.
We propose that the likely explanation for our data is
direct replisome-mediated recycling of a b clamp from a
finished Okazaki fragment to the start of a new fragment.
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This mechanism could serve to ensure fork progression
without stalling when a new b clamp is not readily available
from solution. Inherent to this model is the requirement of
the clamp-loader complex at the fork to unload a b clamp
from the product dsDNA and re-load it on the nascent primer,
with an active competition between recycling of the old
clamp and the preferred mechanism, loading one recruited
from solution. If an additional clamp binds the replisome
during Okazaki fragment synthesis, the used clamp is left
behind and the lagging-strand polymerase core is transferred
to a new primer terminus. When an additional clamp is not
bound, the used clamp and polymerase can be transferred
together and a b clamp is not left behind at the end of the
Okazaki fragment.
Recent work has suggested an increasingly dynamic
picture of the replisome (Langston et al, 2009), with compo-
nents exchanging during replication (Hamdan et al, 2007)
and different mechanisms controlling replication loop
formation and release (Hamdan et al, 2009). In E. coli,
three each of core polymerase, t, and b2 are now thought
to be in the replisome (McInerney et al, 2007; Reyes-Lamothe
et al, 2010) and accessory proteins associate directly with
the replisome during replication (Heltzel et al, 2009; Indiani
et al, 2009; Langston et al, 2009). The reuse of b clamps
may also be more complicated, with potential recycling and
effects of other protein interactions (Lo´pez de Saro and
O’Donnell, 2001). Further study of clamp dynamics in
active replisomes will allow a greater understanding of how
replication proteins are used and recycled during lagging-
strand synthesis. Previous work has shown the ability
of the replisome to overcome blockage from DNA damage
(Indiani et al, 2009) and RNA polymerase complexes
(Pomerantz and O’Donnell, 2010). Continuation of synthesis
without binding and loading of a new b clamp similarly
demonstrates the stability and flexibility of the replisome




Replication proteins were prepared as described (Tanner et al, 2008,
2009). Conditions for pre-assembly of an initiation complex were
adapted from Yao et al (2009). Briefly, 60 nM DnaB6 was incubated
with 1.5 nM biotinylated-M13 substrate in replication buffer (50 mM
HEPES pH 7.9, 80 mM KCl, 12 mM Mg(OAc)2, 0.1 mg ml
1 BSA, and
5 mM dithiothreitol) with 1.25 mM ATP at 371C for 30 s (solution 1).
Pol III HE components were added as 27 nM t3dd0wc (or other
clamp-loader complex where indicated), 74 nM b2, 81 nM aey in
replication buffer with 60mM dCTP and dGTP (New England
Biolabs) only (solution 2). Next, 20ml of (solution 2) was added to
20 ml of (solution 1) and incubated at 371C for 6 min. This mixture
was diluted with 200ml of replication buffer with 60 mM dCTP and
dGTP (wash buffer) and flowed over the streptavidin-coated surface
of the flow chamber (see below, Tanner and van Oijen, 2010) at
0.120 ml min1 for 1 min followed by 0.02 ml min1 for 1 min. To
remove free proteins, the flow cell was then washed with 100ml of
wash buffer (B30 chamber volumes over 2–3 min). DNA synthesis
was initiated by flowing solution 3: replication buffer with 1 mM
ATP, 250 mM CTP, GTP, and UTP (GE Life Sciences), 60mM dCTP,
dGTP, dATP, and dTTP, 300 nM or 30 nM DnaG, 450 nM SSB4, and
50 nM b2 where indicated.
Fluorescence imaging of DNA replication
The flow chamber and PEG-biotin-functionalized surfaces were
prepared as described in Tanner and van Oijen (2010). The flow
chamber was constructed using a streptavidin-coated PEG-biotin
glass coverslip, a 1.5 mm channel cut from double-sided tape (Grace
Biolabs), and a quartz slide (Technical Glass) with holes drilled for
attachment of polyethylene tubing (Becton Dickinson, 0.76 mm
inner diameter). The chamber was blocked with buffer containing
0.2 mg ml1 BSA and 0.005% Tween-20 to minimize non-specific
interactions with proteins, DNA, and QDs. The chamber was placed
on an inverted microscope (Olympus IX-71) with  60 oil-
immersion TIRF objective (NA 1.45, Olympus) and connected to a
syringe pump (Harvard Apparatus) for flow of buffer. DNA was
stained with 25 nM SYTOX Orange (Invitrogen) excited by a 532-nm
laser (Coherent, Compass 215M-75) and imaged on an EMCCD
camera (Hamamatsu, ImageEM). Reactions were at 371C, main-
tained by attaching a home-built aluminium block to the top of the
quartz slide, heated by a cartridge heater controlled by a variable
power supply (Tanner and van Oijen, 2010). Fluorescent proteins
were labelled with homemade NHS-ester-Cy3-Cy5 (see Supplemen-
tary data) and excited with 641 nm laser (Coherent, Cube 641–
100 mW); 488, 532, and 641 nm beams were overlapped using
dichroic mirrors and fluorescence filtered with appropriate filter
sets (Chroma).
RNA-primer visualization
To measure spacings between RNA primers, the pre-assembly
reaction was as described above, but with solution 3 containing
CTP and GTP at 150, and 150mM UTP-11-digoxigenin (digUTP,
Roche) in place of UTP. After synthesis, the flow chamber was
washed extensively with replication buffer to remove free digUTP.
QDs (Invitrogen QDot 605) were functionalized with sheep
a-digoxigenin Fab (Roche) using the manufacturer’s protocol
(Invitrogen QDot Antibody Coupling Kit). QD was imaged with a
488-nm laser (Coherent, Sapphire 488-50), which excites them
favourably over SYTOX Orange. Conversely, imaging SYTOX with a
532-nm laser biases the excitation towards SYTOX. By taking
images with 488 and 532 nm excitation, we were able to observe
single DNA molecules and any QD-tagged primers while controlling
for any aberrant DNA staining (SYTOX-bright spots) and non-
specifically surface-adhered QD (no Brownian fluctuation as with
DNA-tethered QD; Supplementary Figure S4).
Electron microscopy of replication products
Replication reactions were carried out in bulk using concentrations
of components as above, but with a smaller substrate (3 kb pGLGAP
plasmid DNA with B500 nt long displaced ssDNA tail; Subrama-
nian and Griffith, 2005) and incubated for 90 s at 371C. Reaction
products were then either fixed by immediate addition of 0.6% v/v
glutaraldehyde and/or quenched with 100 mM EDTA. Products were
purified by passing them through 6% plain agarose bead (Agarose
Bead Technologies) columns. Samples not fixed with glutaralde-
hyde were treated with 0.5mg ml1 SSB and then fixed to mark
any ssDNA. Samples were then mounted onto grids by following
either direct mounting or cytochrome c drop-spreading methods
as described (Griffith and Christiansen, 1978; Lee et al, 2002).
The samples were then examined in an FEI Tecnai 12 TEM
and the images recorded using an Ultrascan400 CCD camera
(Gatan Inc.).
Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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